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Hydrogen enables the decarbonization of all major sectors in the economy

Hydrogen can enable a full renewable energy system, providing the sector integration needed for the 
energy system transition and decarbonize energy end uses

Projections for Europe 
indicate that 5 million 
vehicles and 13 million 
households could be using 
hydrogen by 2030, while a 
further 600kt of hydrogen 
could be used to provide 
high grade heat for 
industrial uses. In this 
scenario, hydrogen would 
be abating 80Mt CO2 and 
account for an 
accumulated overall 
investment of $62B 
əȘȕ"ːɚ ;H> 850,000 new 
jobs.
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To achieve this vision, the sector needs to achieve a range of 2030 targets

3. Hydrogen 
can be moved 
to target 
markets at 
low cost. 

Transport costs 
˱ːȔɟEA ;N 
scale.2. Hydrogen production 

enables increased 
J?H?NL;NCIH I@ ȔȓȓɇM I@ -7M 
of renewable electricity.

1. A diversity of clean hydrogen 
production routes have matured, 
JLI>O=CHA BS>LIA?H ;N ; =IMN I@ ːȔȻȘ-
3/kg, allowing penetration into mass 
markets .

4. An affordable zero carbon fuel can be delivered to fuel cell transport 
applications, with total fuel cost below diesel, taking into account taxation.

6. Hydrogen meets demands for heat and power at a meaningful scale, 
with:
- 25 TWhof hydrogen blended into the natural gas grid
- Fuel cell CHP efficiency contributes to reducing energy usage, with 0.5 million 
FC CHP units deployed in the EU.

7. Hydrogen is actively displacing fossil fuels as a clean 
energy input into a wide range of industrial processes:

- 8TWh of hydrogen used for industrial heat.
- Clean hydrogen replaces conventional fossil-fuel derived 
hydrogen.
- Replacing other fossil fuels e.g. coke in the steel making 
process, methanol production etc.

8. Regulations, standards and training/education programmes are supporting the transition to a hydrogen economy.

5. Fuel cell vehicles (road, rail, ships) are 
produced at a price equivalent to other 
vehicle types, with a compelling user case.
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Production costs for clean H2 compete with 
conventional fuels

By achieving these targets, clean hydrogen can be produced and 
distributed to markets ;N =IGJ?NCNCP? JLC=?Mȿ

Methane 
in the grid

H2 price 
equivalent 

əːɟEAɚ

Untaxed 
Diesel

H2 in 
industry
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1.5

Cost of carbon

Price of 
incumbent fuel

Distribution costs for centralised H2

production are lower at scale

SMR + CCS
Lower bound

Green hydrogen 
upper bound

A commercially 
competitive energy vector

1 ɒȕȓȖȓ #/ȕ JLC=? I@ ːȘȘɟNIHH? <;M?> IH Ɉ#FIMCHA NB? A;J NI ; 0;LCM =IGJFC;HN %5-%43ɉ <S #;L<IH 4L;=E?Lȼ ȕȓȔț 
2 -!MMOGCHA ːȗȓɟNIHH? NL;HMJILN ;H> MNIL;A? =IMN @IL NB? #/ȕ

Some hydrogen will be produced in large 
centralised production plants for access 
to low-cost renewable energy. The 
distribution costs need to be minimised 
to ensure the fuel remains competitive.

Transport of 
hydrogen at scale 
is expected to cost 
;N GIMN ːȔɟEA

(S>LIA?H JLI>O=?> ;N ; =IMN <?NQ??H ːȔȻȘ-3/kg is 
competitive with conventional fuels for transport 
applications amongst others once a 2030 carbon price is 
taken into account1. These prices are viable for SMR with 
CCS2 and for electrolysis (assumptions as per roadmap 
targets).

On-site hydrogen production offers 
an alternative 

In some locations, decentralised 
hydrogen production may offer a lower 
cost route. Distribution costs are avoided, 
but production costs may be higher at 
smaller scales. The best solution will be 
location-specific.
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ȿȻ prices that are competitive in a range of applications that are key to 
>?=;L<IHCMCHA %OLIJ?ɇM ?=IHIGS

Transport ɒfor example, FC cars are 
projected to achieve cost parity with diesel at 
commercial production volumes at a H2 cost 
I@ ːȘɟEAȻ

Industry and gas ɒclean H2 as a feedstock 
can reach parity with fossil-based inputs 
once the cost of carbon is included. 

!>;JN?> @LIG Ɉ$?P?FIJG?HN I@ 
business cases for Fuel Cell and 
Hydrogen applications for Regions 
;H> #CNC?Mɉȼ ȕȓȔȚȼ 2IF;H> "?LA?L @IL 
the FCH-JU

V V

2030

5

Buildings ɒfuel cell CHPs are high efficiency 
and can reduce energy use and associated 
CO2 emissions even in advance of grid 
decarbonisation.  Hydrogen may be the 
lowest cost way to decarbonise the gas grid.

Adapted from data in 
Ɉ#IMN ;H;FSMCM I@ @ONOL? 
heat infrastructure 
IJNCIHMɉ  2?JILN @IL NB? 5+ 
National Infrastructure 
Commission, 2018.  Data = 
whole system costs for 4 
options & cumulative 
carbon emissions from 
heat, 
ːɟˎ ˰ ȔȻȔȗ 
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Developing these technologies is an essential part of meeting many of 
%OLIJ?ɇM JIFC=S AI;FMȿȻ

1. Clean Energy for all Europeans is being 
provided by a diversity of clean hydrogen 
production routes.Clean hydrogen provides 8% of 
required emissions reductions between now and 
2030, and 25% by 2050.

6. Decarbonisation of the gas grid and improving energy usage in buildings targets are being 
realised by FCH technologies:
- hydrogenɒmethane blends in the gas grid save 6 MtCO2 pa contributing tothe forthcoming gas 
policy package.
- FC micro-CHP efficiency reduces energy needs in buildings contributing to the Energy Efficiency & 
Energy Performance of Buildings Directives.
- clean hydrogen for heat and power reduces emissions in the industrial sector, contributing to the 
Emissions Trading Scheme Directive.

7. Clean hydrogen in industry is essential to achieving deep decarbonisation 
of industry, contributing to the aims of the Emissions Trading Directive and 
sectoral agreements on decarbonisation.

2. Renewable energy targets are 
being met and energy market 
design is improved due to the role 
of hydrogen in supporting the 
energy system.

Hydrogen production directly results in an 
additional 20-40 GW of renewables on the grid, 
equivalent to 5-Ȕȓˠ I@ NI>;SɇM 2%3-E capacity.

4. & 5. Fuel cell vehicles are improving environmental outcomes in all transport sectors, 
contributing to the aims of:
- the Clean Vehicle Directive.
- CO2 emissions standards.
- the Alternative Fuels Directive.
- Roadmap to a Single European Transport Area on maritime & aviation emissions.
Hydrogen is fuelling at least 5 million clean vehicles (1.5% of total EU fleet) by 2030.

7? ;L? =IH@C>?HN NB;N NBCM PCMCIH @IL BS>LIA?HɇM LIF? CH NB? ȕȓȖȓ ?H?LAS MSMN?G CM ;=BC?P;<F?Ȼ With the right support, the hydrogen option can be 
=IGJ?NCNCP? ;H> G;NOL? <S ȕȓȖȓȼ ;H> ; PCN;F NIIF NI G??N MIG? I@ %OLIJ?ɇM E?S JIFC=S ;CGM:
Å Deep cuts of CO2 in hard to decarbonise sectors: heavy duty transport (road, rail, ship), heat and industry
Å Reducing air pollution
Å Ensuring energy security
Å Providing energy to citizens at an affordable price
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The remainder of this document describes roadmaps for each relevant 
technology , and the role for EU budget support (1/2)

1 Low carbon hydrogen 
production

Electrolysis Page 11

Other modes of hydrogen production Page 14

2 Hydrogen production enables 
increased renewables

Role of electrolysis in energy system Page 18

Large scale hydrogen storage Page 20

3 Hydrogen is delivered at low cost
Key technologies for distribution Page 25

Transport of hydrogen by road, ship etc Page 28

Transport and storage in liquid carriers Page 31

4 Affordable hydrogen is dispensed to 
transport applications

Hydrogen refuelling stations Page 36
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The remainder of this document describes roadmaps for each relevant 
technology , and the role for EU budget support (2/2)

5 Fuel cell vehicles (road, rail, 
ship) are competitively priced

Technology Building Blocks Page 40

Cars, 2-3 wheelers, vans Page 45

Buses & coaches Page 48

Trucks Page 51

Material handling Page 54

Rail Page 57

Maritime Page 60

Aviation Page 66

6 Hydrogen meets demands for 
heat and power

Hydrogen in the gas grid Page 71

Stationary fuel cells Page 74

Domestic and CommercialBurners Page 77

7 Hydrogen decarbonises industry Hydrogen in industry Page 79

8 Horizontal activities support the 
development of hydrogen 

Supply chains & other cross cutting issues Page 83
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The summary technology roadmaps aim to show the key steps to achieve 
the vision, and the role for EU budget support

Data sources:

These roadmaps are based on data and information from:

Å Hydrogen Europe and Hydrogen Europe Research 
members.

Å Data from the following sources :

Å Ɉ(S>LIA?HȽ ?H;<FCHA ; T?LI ?GCMMCIH %OLIJ?ɉ 
(S>LIA?H %OLIJ?ɇM 3NL;N?AC= 0F;H ȕȓȕȓ-2030, and 
underlying data 

Å Fuel Cells and Hydrogen Joint Undertaking Multi-
Annual Work Plan, 2014-2020

Å 4B? (S>LIA?H #IOH=CFɇM ȕȓȔȚ L?JILN Ɉ(S>LIA?H 
Scaling up: A sustainable pathway for the global 
?H?LAS NL;HMCNCIHɉȻ 

Å Ɉ(S>LIA?H ;H> @O?F =?FFMȽ IJJILNOHCNC?M @IL ALIQNBȻ ! 
LI;>G;J @IL NB? 5+ɉ %ȗ4?=B ;H> %F?G?HN %H?LAS @IL 
Innovate UK, 2016

Å ɈStudy on hydrogen from renewable production 
L?MIOL=?M CH NB? %5ɉ ,"34 ;H> Hiniciofor the FCH-JU, 
2015.

At a glance
Overview of the role of the technology, 

challenges and opportunities for EU 
companies.

2030 vision
The end point for the roadmaps ɒa 

quantitative target for the role of the 
N?=BHIFIAS CH %OLIJ?ɇM ?H?LAS MSMN?GȻ

Actions
Actions which  the FCH industry and research 

community will be undertaking to realise the interim 
targets      and 2030 vision. Actions where an EU public 
private partnership could play a direct role are marked 

in green, others in grey. Each action described is 
expected to be important throughout the 2021-2027 

period.
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1 Low carbon hydrogen 
production

2 Hydrogen production enables 
increased renewables

3 Hydrogen is delivered at low cost

4 Affordable hydrogen is dispensed to 
transport applications

Electrolysis Page 11

Other modes of hydrogen production Page 14

Role of electrolysis in energy system Page 18

Large scale hydrogen storage Page 20

Key technologies for distribution Page 25

Transport of hydrogen by road, ship etc Page 28

Transport and storage in liquid carriers Page 31

Hydrogen refuelling stations Page 36
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Actions and targets

The technology is key to enabling a decarbonised
energy system, enabling increasing proportions of
intermittent renewablegeneration,and acting as an
energyvector.

There is considerable potential for innovation to
reduce costs and improve efficiency .

There is an important role for large scale systems
with economies of scale, and hydrogendistribution
to end uses,or smaller distributed systems located
at demand centres and playing a key role in the
electricity distribution networks.

European manufacturers are well placed to keep
Europe as the global leader on electrolyser
technology , securing high value manufacturing
jobs.

Electrolysis

2030 vision

20-40 GW of electrolysis 
is installed in Europe. 

Electrolysis capable of 
producing zero emission 

hydrogen at a cost of 
˱ːȖɟEAȻ

European 
manufacturers are 
global leaders in 

electrolyser sales.

Current state of the art
Demonstration projects in the 1- 10 MW scale 
operational.
Projects of c. 20 MW under development.
Current H2 =IMNM =Ȼ ːȔȓ-15 kg.

2023-25
50 MW systems operational.
>1,000 distributed systems (c. 1-10 MW 
scale) operational.
H2=IMN ːȘ-8/kg.

2027
Systems >100 MW 
operational.
10GW installed, comprising 
distributed and centralised 
systems.
H2=IMNM ːȘɟEAȻ

2030
H2=IMN ːȖɟEA <;M?> 
on:
ːȘȓȓɟE7 =;J?RȻ
50kWh/kg efficiency.
ːȘȓɟ-7B ?F?=Ȼ

R&D on technologies that 
hold high potential to 
reduce cost and improve 
performance.

Demonstration projects prove viability of large scale 
electrolysers serving key applications e.g. transport.

FP9 + other EU instruments provide support for market deployment, 
helping to reach fully commercial volumes & prices.

Electrolyser technology matures and produces large volumes of low carbon hydrogen

Major electrolyser policy initiative recognises the value of 
electrolysis in decarbonising the energy system through market 
rules and valorising CO2, supporting widespread deployment.

R&D on technologies with the potential to 
improve economics of decentralised 
systems.
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Overview of electrolysis : vision, current status and supply chain

12

*There are a range of electrolyser chemistries.  Alkaline electrolysers are a mature technology but there remains potential for cost reductions if demand increases..  PEM (proton exchange membrane) 
and  SOEC (solid oxide electrolyser cell) technologies are in contrast relatively new.

Introduction

Water electrolysis has been used to produce industrial hydrogen for nearly a century.  Electrolysis powered by low carbon electricity has 
the potential to be an ultra-low CO2 form of hydrogen production. In addition, electrolysis can be used as a means to enable penetration 
of renewable electricity into all sectors, with electrolytic hydrogen providing an energy store for clean electrons which canbe
transported to their point of use. In so doing, electrolysis can be a key enabler for increasing the amounts of intermittent renewable 
energy connected to electricity grids of the future, and also for capturing renewable energy which is difficult or prohibitivelyexpensive to 
connect to the grid.  However further development of electrolyser technology, cost performance and the scale of deployment isneeded 
to realise this vision.

Electrolysis is the key technology for energy system integration ɒenabling penetration of intermittent renewable energy, and transfer of that clean energy to other sectors

Hydrogen production via electrolysis is currently more expensive than via other methods ɒdue to the capital costs and dependence on 
electricity costs. The key steps needed to realise the 2030 vison is reducing cost and improving efficiency of electrolysis, in particular by 
increasing the scale of deployments for PEM technology, to match the maturity of alkaline technology*, has been deployed at 10-100 MW scale 
in industry (typically in aluminium production, but historically in ammonia plants which pre-date cheap natural gas. The largestPEM 
electrolyser currently operating is the 6MW PEM system at EnergieParkMainz, with a 75% conversion efficiency. 

In development are a series of FCH JU funded projects including REFHYNE, where a 10 MW PEM electrolyser will be installed at SheFFɇM #IFIAH? 
refinery, H2FUTURE where a 6MW PEM electrolyser will be used in the steel making process and Demo4Grid, a 4MW alkaline electrolyser for grid 
balancing.  Many European electrolyser companies are developing designs for 100 MW scale projects.  

European supply chain

Europe has a strong presence globally in electrolysis, both in component supply and in final product 
manufacture.  Roughly half of all electrolyser suppliers are located in Europe, with most of the major 
ones, including Nel, McPhy, Hydrogenics(for one of their two technologies), Siemens, ITM Power, 
Sunfireand ArevaH2Gen all located in Europe.  Expertise in EU spans the three main technologies ɒ
PEM, alkaline and SOEC

2030 vision
20-40 GW of electrolysis is installed in Europe 

Electrolysis capable of  producing zero emission hydrogen at a 
=IMN I@  ˱ːȖɟEA

European manufacturers are global leaders in electrolyser sales 

Current status of the technology and deployments 



13* See next page for breakdown of projects

Actions and interim targets

Low cost green electricity procurement strategies identified, including grid balancing income.  These strategies 
;L? ?H;<F?> <S L?AOF;NCIH ;H> ;FFIQ JLC=?M ˱ːȘȓɟ-7B 

Background assumptions:
- Policy changes allow 

electrolysis plants to access 
cheap electricity (e.g. 
German regime)

- Resolution to Renewable 
Energy Directive to allow 
procurement of green 
electricity to count towards 
CO2 and renewable fuel 
standards

2025 2030

Current and planned deployment projects prove 
N?=BHIFIAS ;N ȔȓɇM -7 M=;F?

Improved technical KPIs 
achieved:
Å )HMN;FF?> =IMN I@ ːȘȓȓɟE7
Å Plant AC efficiency of 48 

kWh/kg
Å Cell stack lifetime exceeding 

60,000 hrs

)HMN;FF?> =IMN I@ ːȚȕȓɟE7 CH=FO>CHA ;FF BoP
Plant AC efficiency of 50 kWh/kg.  
H2=IMN =Ȼ ːȘɟEA ;N M=;F? 

50 MW systems operating, >1000 
decentralised (1-10MW) systems operating 

100 MW systems operating, 
>10GW installed across 
Europe

2030 vision

20-40 GW of 
electrolysis is 
installed in 

Europe 

Electrolysis 
capable of  

producing zero 
emission 

hydrogen at a 
=IMN I@  ˱ːȖɟEA

AC system 
efficiencies:

55-70 kWh/kg

System cost: 
ːȔȖȓȓɟE7 NI 
ːȕȓȓȓɟE7

Å 6 MW Siemens 
project 
operating, 10 
MW ITM Power 
project under 
construction

Å 20 MW project 
supported by 
the FCH JU2 
(TBC)

Current projects achieve lower cost (due to H2020 
R&D + deployment at 10 MW scale)

2020

Continued research on technologies with major impact potential e.g. on cost reduction, 
increased efficiency, operation at high pressure

High efficiency concepts are demonstrated in real world 
applications at scale (e.g. solid oxide electrolysers at 10MW)

EU programme supports R&D on technologies to reduce cost and improve performance

Large scale projects (10-100 MW scale are developed)
Decentralised projects (1-10 MW) demonstrate wide range of 
roles electrolyser can play in energy system management

EU programme supports demonstration projects at scale linked to key 
applications (transport, energy storage, heat & power) 

Rapid response technologies for electricity system storage and flexibility continue to be 
developed and tested at a range of scales

Legend

Action

Interim target

Role for EU 
programme

Projects at range of scales from 1 MW ɒ100 MW scale are developed on 
a commercial basis

EU programme provides support for market activation mechanism, 
helping to reach fully commercial volumes and therefore prices

20-40 GW installed
H2=IMN ːȖɟEA <;M?> IHȽ
ːȘȓȓɟE7 =;J?R
50kWh/kg efficiency
ːȘȓɟ-7B ?F?=Ȼ =IMN

Current State 
of the Art

Electrolysis: detailed technology roadmap



Actions and targets

There are a range of H2 production options
which could be environmentally neutral or even
positive .

New technologies (focus of this programme) :
Producing H2 from biomass or waste guarantees
ultra-low carbon hydrogen. Technologies
currently at the early stagesof development will
provide breakthroughs in terms of cost and
environmental impacts ɒfor exampledirect solar
production from water, or biologically produced
hydrogenfrom algae.
CCSand SMR+CCS
Developments in these technologies will be
important for the hydrogen economy and are
therefore included here. However it is important
to recognisethat this technology cannot provide
full energy system benefits ɒtechnologies that
can, should remain the focus of a hydrogen
economy(andthe proposedFCHprogramme).

Other modes of H2 production

2030 vision

A range of 
technologies which 

can produce low 
carbon, low cost 
əːȖɟEAɚ BS>LIA?H ;N 
scale, are operating 
either at industrial 
scales or close to 
industrial scales.

Fossil based routes 
including CCS achieve 
<?FIQ ːȕɟEAȻ

Current state of the art
One reformation + CCU unit operating 
in Europe. Biomass and solar 
production have trial plants operating 
or under construction. Waste 
gasification and biological production 
concepts are at the laboratory scale. 

2023-25

2027

2030

R&D on technologies that hold 
high potential to produce zero 
emission H2 at low cost.

Member States + EU funds support deployment of 
reformer + CCS systems at scale.

Regulatory regime ensures low carbon hydrogen for all production 
options.

Other modes of hydrogen production have matured and produce significant volumes 
of low carbon hydrogen

Support for first commercial trials of new direct solar and 
direct biological production systems.

Deployment of gasification systems at 
scale. 

>10MW scale gasification 
production commonplace
Commercial 10MW scale direct 
solar and direct biological 
production.
Reformation + CCS is 
widespread and mandatory for 
new deployment.

MW scale projects operating for solar production, 
production from waste, & biological production. 

Deployment projects at the 100MW scale for 
reformer + CCS.

Solar production and waste 
gasification prove technology 
concepts.

Successful completion of 
current planned trial projects 
on reformer + CCS.
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Overview of other modes of hydrogen production : vision, current status and supply 
chain

15

Introduction

Most hydrogen produced today is made by steam-methane reforming of natural gas (SMR).  SMR is a mature technology but produces CO2

emissions.  The relatively pure stream of CO2 is suitable for carbon capture and storage (CCS) and there is increasing interest in SMR + CCS 
to produce low carbon hydrogen ɒthe technology combination is at the demo/pilot stage in Europe. Biomass or waste gasification is a 
method of low carbon hydrogen production currently at the MW demonstration stage.  If it can be combined with CCS it has the potential 
to be a negative emission technology. There is also increasing interest in other novel production methods such as using sunlight to directly 
split water into hydrogen and oxygen,andbiological methods such as H2 production via algae.

A broad range of hydrogen production modes can ensures supply and can produce low cost, low CO2 hydrogen

3-2 CM =OLL?HNFS NB? =B?;J?MN G?NBI> I@ BS>LIA?H JLI>O=NCIH QCNB JLI>O=NCIH =IMN ;N ˱ːȕɟEA ə3B?FF (S>LIA?H MNO>S ȕȓȔȚɚȻ  !>>Cng CCS is estimated to 
increase costs by 50-100% (Innovate UK FCH Roadmaps 2016).  In Europe Air Liquide operate an SMR+CCU (carbon capture and utilisation) plant at Port-
Jérôme, producing refinery H2 and CO2 for local industrial markets.  The main developments needed in this sector are on transport and storage of CO2 to 
facilitate large scale deployment of CCS. 

Gasification of biomass and waste is an area being actively pursued by a number of SMEs worldwide.  Some small scale demonstration plants have 
operated successfully (e.g. gogreengasin the UK) but as yet there are no MW scale plants operating.

The FCH-JU supported HYDROSOL-PLANT project is constructing a demonstration plant for solar thermal hydrogen production in a 750 kWthscale.  There 
are a range of technologies being explored at the laboratory scale for using solar energy to split water.

European supply chain

European companies are well placed to capitalise on hydrogen production technology ɒkey global gas 
companies such as Air Liquide, Linde and Air Products all have SMR offerings (+CCU for Air Liquide), and other 
companies e.g. Equinor(formerly Statoil) are developing offerings. Much of the activity on novel methods of 
production is at the University/Institute level but some European SMEs are developing technologies..

2030 vision
A range of technologies which can produce low 
=;L<IHȼ FIQ =IMN əːȖɟEAɚ BS>LIA?H ;N M=;F?ȼ ;L? 
operating either at industrial scales or close to 

industrial scales.
Fossil based routes including CCS achieve below 

ːȕɟEA

Current status of the technology and deployments 


